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Abstract. The largest known Cenozoic impact craters with the 
most accurately measured ages are found to correlate very closely 
with geologic stage boundaries. The level of confidence in this 
result is 9.8-99 % even under the most pessimistic assumptions con- 
ceming dating errors. One or more large impacts may have led, 
in at least some cases, to the extinctions and first appearances of 
biotic species that mark many of the geologic stage boundaries. 

Introduction 

Ever since Alvarez et al. (1980) discovered an anomalous iridium 
layer at the Cretaceous/Tertiary boundary, the startling hypothesis 
of a devastating impact by a large extraterrestrial body has figured 
in discussions of the m_ass extinction of biotic species at this and 
other major period boundaries. In light of the fact that most of 
the geologic stage boundaries are now usually tied to observed ex- 
tinctions and first appearances of marine species, it has been 
occasionally suggested that large or frequent impacts caused, either 
directly or indirectly, the turnover of species at these lesser 
boundaries as well (Urey, 1973; Rampino and Stothers, 1987; Raup, 
1992). Owing to an insufficiency of data, however, this hypothesis 
has been forced to remain purely speculative. With very recent 
improvements in the measured ages of impact craters and in the 
geologic time scale, and with a suitable methodology, it is now 
possible to test the hypothesis critically for the first time. 

Although a huge structure of possible impact origin, Chicxulub 
in Mexico, has already been provisionally correlated with the 
Cretaceous/Tertiary boundary (Hildebrand et al., 1991), a statistic 
of one is not conclusive. If it were to be found that known, well- 
dated craters of smaller size also correlate with stage boundaries, 
the clear implication would be that impacts occur in brief showers 
and hence it would be unnecessary to locate a very large crater 
in order to establish a cratering episode; a lesser crater would do. 
Previously, attempts were made to do this by looking for similar 
patterns of periodicity in cratering and extinction rates. A proposed 
~ 30 Myr cratering periodicity, however, has apparently n øw col- 
lapsed as the result of recent improvement in the crater ages (Grieve, 
1991). Debate still continues about whether the extinction data show 
a comparable periodicity (Sepkoski, 1989). A more refined ap- 
proach to the problem of a possible correlation is clearly needed. 

Data and Methods 

Grieve (1991) has published a revised list of large, well-dated 
impact craters that were formed during Cenozoic time. Diameters 
of all these craters exceed 5 km. To this list might now be added 
the 180 km diameter Chicxulub structure with an 4øAr/39Ar age 
of 65.0 + 0.1 Myr (Swisher et al., 1992; Sharpton et al., 1992), 
but, being an uncertain impact crater, it will be omitted here. 
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Seven of these objects have isotopic ages with such small 1 a 
analytical errors (less than or equal to +1 Myr) that they can be 
realistically compared with the very accurately measured ages of 
Cenozoic stage boundaries (which have an average spacing of 3.8 
Myr). These seven craters and their ages are listed in Table 1. The 
four youngest ages are based chiefly on the K/Ar method 
(Shoemaker and Wolfe, 1986; Grieve, 1991), while the three oldest 
are 4øAr/39Ar based (Jessberger, 1988; Bottomley and York, 1988; 
Kunk et al., 1989). The 4øAr/39Ar age of 15.1 Myr for the Ries 
crater (Staudacher et al., 1982) agrees well with its K/Ar age. The 
five ages younger than ~ 30 Myr can be checked by the somewhat 
more precise (though not necessarily more accurate) fission track 
method, which yields 1.07 +0.05, 1.04 + 0.11, 4.5 +0.!, 14.7 +0.4, 
and 21.5 + 1.2 Myr, respectively (Shoemaker and Wolfe, 1986; 
Grieve, 1991). For the Haughton crater, the original fission track 
age was 22.4 + 1.4 Myr (Omar et al., 1987), but Grieve's (1991) 
slightly adjusted value is adopted here. There is no reason to doubt 
the relatively high accuracy of the 4øAr/39Ar ages measured for 
the two craters older than ~30 Myr. Two of the seven well-dated 
craters, Bosumtwi and Ries, correlate both temporally and spatially 
with known tektite strewnfields: the Ivory Coast (1.0 + 0.1 Myr) 
(Glass et al., 1991) and the Czechoslovakian (14.7 + 0.6 Myr) 
(Glass, 1982). These tektite ages independently confirm the small 
published analytical errors of the corresponding crater ages. It 
seems safe to conclude that the ages of the seven selected craters 
are reliable enough to be used here. Stratigraphic ages, available 
for some of the craters, cannot be used in the analysis, because 
they are obviously not independent of the stage boundary ages, 
whose unbiased correlation with impact cratering is being sought. 

A comparison between the seven best-measured crater ages and 
the stage boundary ages nearest to them is presented in Table 1. 
The list of stage boundary ages displays the range of three more- 
or-less independent Cenozoic times scales: Hadand et al. (1990), 
Haq and Van Eysinga (1987) (supplemented by Haq et al., 1987), 
and Berggren et al. (1985). The DNAG time scale (Palmer, 1983) 
is essentially the same as that of Berggren et al. (1985). 

Agreement between the crater ages and boundary ages is very 
close. To test its statistical significance, the rms difference (or, alter- 
natively, the median absolute difference) between nearest neigh- 
bors in the two parallel time series is calculated and adopted as 
a correlation measure, in analogy with least-squares fitting and 
chi-square testing. Estimated errors in the observed times, as well 
as a uniform shift of one series with respect to the other to accom- 
modate an unknown phase mismatch, are incorporated into the 
analysis through the multiple generation of slightly perturbed 
(Pseudo-randomized) time series. The significance level of the 
average correlation measure at the average position of the best phase 
match is computed by performing Monte Carlo simulations. Many 
random time series, each containing the same number of times 
as in the observed series that is chosen to be the target series (here, 
the sequence of crater ages), are produced, internally time-ordered, 
and cross-correlated with the other observed series which is be- 

ing treated as the template series (here, the sequence of stage boun- 
dary ages). The random times are uniformly distributed random 
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TABLE 1. Well-Dated Large Cenozoic Impact Craters and the Nearest Geologic 
Stage Boundaries 

Age Boundary age 
Impact crater* (Myr) Stage boundary (Myr) 

Zhamanshin 0.9 + 0.1 Piacenzian/Calabrian 1.60 - 1.67 
Bosumtwi 1.3 + 0.2 Piacenzian/Calabrian 1.60 - 1.67 

Elgygytgyn 3.5 + 0.5 Zanclian/Piacenzian 3.4 - 3.5 
Ries 14.8 + 0.7 Langhian/Serravallian 14.2 - 15.2 
Haughton 23.4 + 1.0 Chattian/Aquitanian 23.3 - 24.0 
Montagnais 50.5 + 0.8 Ypresian/Lutetian 50.0 - 52.0 
Manson 65.7 + 1.0 Maastrichtian/Danian 65.0 - 66.4 

*Omitting the Chicxulub structure with an age of 65.0 + 0.1 Myr. 

variables lying within the same preassigned time interval as the 
observed times of the target series. The percentage of random cor- 
relations that are better than the observed correlation within a sym- 
metrical range of possible phase match positions extending up to 
the observed best position formally represents the estimated 
significance level. 

Results 

Three different correlation analyses (corresponding to the three 
different Cenozoic time scales) have been performed on the seven 
crater ages, utilizing as a template series the list of 19 stage boun- 
daries between the Campanian/Maastrichtian boundary (74 Myr) 
and the Pleistocene/Holocene boundary (0.01 Myr). All of the 
analyses pseudo-randomize the crater ages within their estimated 
gaussian error distributions. 

The results in Table 2 indicate an extremely tight correlation. 
The most pessimistic assumptions about possible errors in the crater 
ages confirm a highly significant correlation, at a level of 1% to 
2 %. If an average of the three different Cenozoic time scales is 
adopted and a lit analytical error of + 1 Myr (estimated value) is 
assigned to all of the stage boundaries older than the Piacen- 
zian/Calabrian (Harland et al., 1990), the significance level shifts 
to 2.6 %. If fission track ages are adopted for the five youngest 
craters, the significance levels change insubstantially. 

Relaxation of the constraints on crater diameter, age, and 
analytical age error has also been examined. If the cutoff for the 

crater diameters is reduced to zero, many recently formed craters 
of very small size must be added, biasing the statistics toward the 
present time. All of these well-dated minor craters, except Stein- 
heim, possess ages of less than 4 Myr (Grieve, 1991) and repre- 
sent a quickly eroded record of the frequent, small background 
impactors. Assigning a more reasonable cutoff diameter of 2 km 
adds only New Quebec (1.4 + 0.1 Myr) (Grieve et al., 1991), Rorer 
Kamm (3.7 + 0.3 Myr) (Hartung et al., 1991), and Steinheim 
(14.8 + 0.7 Myr) (Reiff, 1977) to Table 1. For completeness, the 
possible Chicxulub crater will also be added. These 11 craters are 
found to correlate with geologic stage boundaries at the 0.2 % level. 
If analytical errors in the stage boundary ages are also used, the 
significance level is still very low, 1.0%. 

Dividing the craters by age, on the other hand, reduces the 
available statistics. The five craters younger than the age of the 
Serravallian/Tortonian boundary (10.4 Myr) show the same cor- 
relation at a level of 4 %, while the six older ones do so at the 2 % 
level. 

Could pre-Cenozoic craters be used? No matter how accurate- 
ly dated, these craters are not useful for the present purpose, because 
the uncertainties of the published stage boundary ages become com- 
parable to the stage half-lengths (or even more) before the middle 
Cretaceous (Harland et al., 1990). 

Although it is possible to raise the lit analytical error limit for 
Cenozoic craters to +2 Myr, nothing practical is gained. Four 
additional large craters appear to be usable, but actually are not: 
Popigai and Wanapitei both have isotopic and fission track ages 

TABLE 2. Results of Cross-Correlation Analysis of Impact Crater Ages and Stage 
Boundary Ages 

Stage Impact Average 
boundary crater residual Significance 

ages ages* (Myr) level (%) 

Harland et al. Ar 0.5 1.4 

FT mainly 0.6 1.4 
Haq and Van Eysinga Ar 0.6 1.4 

FT mainly 0.6 1.4 
Berggren et al. Ar 0.6 2.1 

FT mainly 0.5 1.2 

*Ar = isotopic age. FT = fission track age. 
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that formally differ from each other by approximately 5 Myr, while 
Kamensk and Marquez Dome have been only stratigraphically 
dated (Shoemaker and Wolfe, 1986; Grieve, 1991). 

Discussion 

When the number of sizable, well-dated craters in the sample 
is increased from 5, to 6, to 7, to 11, the significance level of the 
correlation between impact cratering and termination of geologic 
stages drops from 4 %, to 2 %, to 1.4 %, to 0.2 %, for any of the 
modern geologic time scales used. Just the opposite trend would 
be expected if the correlation were only a statistical accident due 
to sampling bias. 

As far as phase is concerned, impacts formally lag or lead stage 
boundaries by small amounts whose mean is smaller than or equal 
to the rms residual of the overall fit and so is not statistically 
distinguishable from zero. The 2a two-tail spread of the residuals 
is ~2 Myr. If this is mostly physical, it agrees with rough indepen- 
dent estimates (made in various ways) for the average duration of 
a shower of impactors and for the typical length of an observed 
extinction episode (Hut et al., 1987). 

The impactors that produced the 10-45 km diameter craters listed 
in Table 1 are of course not necessarily the specific ones that could 
have led, directly or indirectly, to the extinctions and first ap- 
pearances of biota defining major biostratigraphic zones and hence 
most stages. Certainly, the size range and frequency of impactors 
needed for that purpose are not yet known; both may be bigger 
for large extinction events. Location of impact and vulnerability 
of the biota must also play a role. However, the accumulation of 
small environmental disruptions, either regional or global, by a 
succession of minor impacts over a period of~2 Myr cotfid possibly 
produce the kind of limited faunal turnover seen near lesser stage 
boundaries, at least in the case of some stage boundaries. 

Alternatively, one large impact might lead to a flood basalt erup- 
tion, which could then cause the necessary environmental deteriora- 
tion. There is now some statistical and physical evidence for impact- 
induced flood basalt vocanism (Alt et al., 1988; Stothers and Ram- 
pino, 1990), as well as a remarkably good temporal correlation 
between continental flood basalt eruptions and the stage boundaries 
where mass extinctions occurred during Cenozoic and Mesozoic 
time (Rampino and Stothers, 1988; Stothers, 1993a). Since the 
estimated number of all flood basalts on the continents and in the 

ocean basins during this time roughly equals the total number of 
geologic stages (Stothers, 1993b), impact-induced flood basalts 
could be the cause of at least some of the biotic changes seen near 
stage boundaries. 

These conclusions obviously differ from the more traditional 
interpretations of the record based on the assumption of purely 
endogenic changes of volcanism, climate, sea level, and ocean 
chemistry (e.g., Hallam, 1987; Crowley and North, 1988). They 
also diverge in significant ways from Raup's (1992) simple impact- 
kill hypothesis with its approximate one-to-one relationship be- 
tween crater diameter and magnitude of extinction event. Like the 
other interpretations, the present interpretation can be tested fur- 
ther by accumulating more geologic, geochemical, paleontological, 
and cratering data resolved at the substage level. 
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